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f Phase errors in structure and energy loss.

In perfect accelerating structure the wave phasevelocity is equal to beam velocity at designed frequency f0. 
Manufactured errors in cell geometry causes errors in cell frequency and as a result, the wave phase velocity 
will differ from the beam velocity. Beam will accelerate out of wave crest, that decrease effective 
accelerating gradient. Cell with frequency error δf gives additional phase shift δθ:

Θ0=2πD/λ - phase advance per cell,  
βg*c– group velocity)(
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Energy loss in LC

The integrated phase error along structure:
(x=z/L-coordinate along structure)dx
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f Phase errors in structure and energy loss (2)

Cell frequency error:
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f
Group velocity profile in NLC structure.

Group velocity profile in RDDS1, H90VG5 and 
H60VG3 structures
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Examples for NLC structure

•RDDS1 is 1.8-m long traveling wave accelerating 
structure (2π/3-mode) made of 206 cells with dimensions 
tailored from cell to cell to detune dipole modes 
frequencies and provide the required properties of 
accelerating mode. RDDS1 has high group velocity 
(βg=12% à2.7%).

•H90VG5 is 0.9 m long traveling wave accelerating 
structure with a 150° phase advance (5π/6-mode) and 5% 
initial group velocity (βg=5.06% à1.14%). Structure 
made of 83 cells.

•H90VG3 is 0.9 m long traveling wave accelerating 
structure with a 150° phase advance (5π/6-mode) and 3% 
initial group velocity (βg=3.2% à2.1%). Structure made 
of 83 cells.

•H60VG3 is 0.6 m long traveling wave accelerating 
structure with a 150° phase advance (5π/6-mode) and 3% 
initial group velocity (βg=3.16% à1.05%). Structure 
made of 55 cells and more optimized for 3% group 
velocity than H90VG3 structure.

* Z.Li Snowmass July 2001

))2/1(21( xgg −+⋅= αββLinear approximation

gß)/ß(ßa 2minmax −=where: x=z/L
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f Random errors.

Lets δf is randomly distributed along the 
structure. For homogeneous structure made of N 
cells with a constant group velocity along the 
structure.
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For tapered structure with group velocity linear  
along the structure, summarizing contributions 
from all cells in LC we have
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f Table for random frequency errors

8.3 5.04.82.870.1752.05π/6H60VG3

8.55.14.92.960.162.65π/6H90VG3

8. 85.35.13.070.452.75π/6H90VG5

12.07.37.04.20.476.42π/3RDDS1

∆(2b)
µm 

δ f
MHz

∆(2b)
µm

δ f
MHz

α =
∆β⁄β

β
% 

Θ0Structure
Type

Normal Distribution 
(R.M.S.error)

Uniform Distribution
(Max error0

Tolerances for random errors in assumption 1% energy loss  
(f0=11.424GHz):

Criteria - 1% energy loss 

What tolerances for cell dimensions  (frequencies) should be to satisfy that 
criteria? 
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f Systematic frequency errors

Accelerating structure with constant group velocity

If structure made of cells having systematic frequency errors, the 
beam will continuously slip over wave.  For identical cells with
systematic error δθ
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ϕ0- -is klystron phase. Energy loss reaches minimum value when ϕ0=0 

Formula is fair when all structures have the same systematic error δθ (systematic-systematic 
errors) or when systematic errors from structure-to-structure are distributed normally (δθ =σ). If 
systematic error uniformly distributed from structure to structure with the maximum error δθmax,, 
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f
Systematic frequency errors for tapered 

structure

Tapered Accelerating structure.

Let’s suppose: x=z/L ∈[0,1]– coordinate along AS.  

Phase between beam and wave is equal:
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Integrating along structure we have
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(for systematic errors randomly distributed from 
structure-to-structure, normal distribution)
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f
Temperature compensation of systematic 

errors

Systematic frequency errors can be partly compensated by changing the 
structure temperature. The frequency shift vs. structure temperature (T=T0+δT) 
is defined by equation:

where: =1.65⋅10-5 – cooper thermal expansion coefficient. At the range of 
temperature changing δT=±10°C we can compensate systematic error in 
frequency δf=±1.84 MHz (∆(2b)=3µm). The temperature control of the 
individual structure helps loose tolerances for systematic errors. 
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f
Matching cells to reduce systematic errors

Problem - power reflection from this section that increase surface electric field in structure. 

Reflection from enter and exit of this section will cancel each other if total phase advance in 
section is ns*Θ=mπ, where ns-number of cells in section, θ-phase advance in each cell. For 
example, matching section of 3 cells for 2π/3-mode or 6 cells for 5π/6-mode has no 
reflection.  But even in this case we still will have reflection wave inside section.
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To have required phase shift ∆φ in ns
cells we should change frequency each cell to

[1/MHz]

Maximum reflection inside matching section

Effect of systematic errors can be reduced, if few cells are tunable. By tuning we produce 
additional phase jump in opposite direction to minimize energy loss. The maximum effect 
will be when phase jump is  ∆φ= −(δθs⋅N)/2.   It allows reduce the energy loss by additional 
factor of 4.
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f Table for systematic frequency errors

4.64 

4.16

4.60

∆(2b)
µm 

2.32

2.08

2.30

∆(2b)
µm

1.04

1.1

1.1

k

2.76

2.50

2.74

δ f
MHz

-101.381.330.800.1752.05π/6H60VG3

-161.251.200.720.452.75π/6H90VG5

1.371.320.790.476.42π/3RDDS1

∆fδ fma

MHz
∆(2b)
µm

δ f
MHz

α =
∆β⁄β

β
% 

Θ0Structure
Type

Tolerances for systematic frequency errors in assumption 1% energy loss  (f=11.424GHz)

Gaussian Uniform               Matching 
cell Compensation

Tolerance doesn’t depend structure length
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f Conclusion

Ø Tolerances for random errors in NLC structure (2b) are about 5µm  RMS 
(±8.5 µm max)  or 3 MHz RMS (± 5 MHz max) frequency error. 

ØSystematic errors are dominant. Tolerances in cell dimension  are  1.3 µm 
RMS (±2.3µm max)  or 0.8 MHz RMS (± 1.4 MHz max) frequency error. 

ØTolerance to systematic errors will loose if use temperature control 
individually for each structure.  ±10°C allow to loose  tolerance to 4.2-4.3 
µm RMS (the same level as for random errors). 

ØMatching section (3-6 cells depending of phase advance) also allow to 
loose tolerances for systematic errors to level 4.5 µm . Reflection inside 
matching section increase surface field up-to 10%. Possible problems –
changing frequency distribution of  HOM.

Criteria 1% energy loss


